Abstract: Controlling competing vegetation during early growth is one of the most important practices for the successful establishment of poplar plantations. Today, most poplar plantations in temperate regions are established on abandoned marginal agricultural land where competing vegetation is usually present during the first years after planting. Thus, the objective of this study was to examine how the growth of two kinds of poplar planting materials, un-rooted cuttings and bare-rooted seedlings was influenced by different vegetation control and soil preparation practices. Across treatments, un-rooted cuttings grew more rapidly than the bare-rooted seedlings. Our results also show that mulching with a degradable carpet or permanent polyethylene plastic increased seedling growth to a similar extent and more strongly in the cases of no treatment (in control plots). In addition, the results suggest that soil preparation in the mulched area favored seedling growth, but this effect was restricted to the first year after planting. These findings indicate that optimal practices for establishing poplar plantations on former agricultural land include planting un-rooted cuttings in prepared soil and mulching.
Introduction
There is increasing global interest in replacing fossil fuels with alternative renewable energy sources [1] . One method of producing large amounts of renewable energy rapidly is to plant poplars, which provide woody biomass that can be used to generate energy in several ways, including direct combustion for heating or generating electricity and ethanol production [2] . Thus, poplar plantations are being established in substantial areas in temperate regions of the world, mainly on abandoned agricultural land [3] [4] [5] . At these sites competing vegetation is present and/or establishes at the time of planting or during the first following years, which is a critical period for the success of poplar plantations because Populus spp. are highly sensitive to competition [5] [6] [7] . Moreover, at these sites soil preparation will destroy the current vegetation cover but an important seedbank remains, which could result in a fast re-establishment of competing vegetation. In the Nordic area, the critical establishment period for conifers is up to 3-4 years after planting [8, 9] , and vegetation control should also be maintained in poplar plantations for up to 3-4 years to maximize growth [10] . This can be done chemically, mechanically, by tilling or harrowing, or by mulching with wood chips, plastic carpets, or other materials [10, 11] . If permanent inflexible mulching material is used, it should be removed after three or four years, otherwise growth of the seedlings may be hindered and/or they may be damaged due to physical restriction. This demands additional work after the critical vegetation control period, so use of a degradable mulching material might be preferable. However, the relative effects of using a permanent or degradable mulching material on poplar growth are largely unknown.
A further consideration is that poplars can initiate adventitious roots from their stems, so stem cuttings can be used as transplants for establishing poplar plantations [12] [13] [14] , but containerized or bare-rooted plants are also used. Bare-rooted plants differ from cuttings in several respects, as they have developed roots and substantial above-ground parts, while cuttings have no roots and very small above-ground parts. These differences could significantly influence the establishment and growth of transplants during the first few years after planting. Root growth is favored in soils with high temperature and moisture [15, 16] , and the removal of competing vegetation by mechanical treatments or covering the soil with mulching material can alter these parameters [11, 17, 18] . However, high soil temperature and moisture could be more important for cuttings than for rooted plants of hardwood species, as cuttings first need to develop roots to reach soil water. Thus, growth responses to vegetation control methods may depend on the kind of planting material used. Additional soil preparation might further improve the microclimate for the transplants, as soil preparation increases temperature [19, 20] and soil moisture [21] , but in combination with different mulches the effects of soil preparation might be different.
Thus, in the study presented here we investigated effects of several possible vegetation control practices on the establishment and early growth of poplar cuttings and rooted plants on abandoned agricultural land in Sweden. Specific objectives were to compare effects of mechanical weed control and mulching with a degradable or permanent plastic, with and without soil preparation, and how growth was influenced by the two plant types. Experimental plots treated in these manners were monitored during the first two years after planting poplar.
Materials and Methods

The Experimental Site and Vegetation Data
The experiment was situated in Vå xtorp (56°25′ N, 13°05′ E, 40 m above sea level), 12 km from the west coast in southern Sweden. The site is a former forest plant nursery. Vegetation biomass and the percentage of vegetation cover were determined in a randomly placed 50 × 50 cm quadrant in the untreated plots two years after planting. The vegetation inside each quadrant was harvested, roots were washed and oven-dried at 70 °C for 48 hours before being weighed. Two years after planting, 100% of the soil surface was covered by competing vegetation with a biomass of 23.3 ± 2.6 g m −2 and the height of the vegetation was approximately 15-25 cm. The competing vegetation consisted mainly of the grass species Nardus stricta L. The experimental site was fenced to exclude browsing. The annual precipitation is about 1000 mm and the mean annual temperature about 8 °C [22] . The soil type is a well-drained sandy loam, pH 5.8, total nitrogen 0.12%, and available P 13.6 mg per 100 g soil.
Experimental Design, Vegetation Control Method, and Plant Material
Two types of mulching carpets were used, both in 100 cm strips: Mypex (WaterBoys AB, Alvesta, Sweden) and Viaweed U (Viacon Ab, Lidköping, Sweden). Mypex is a permanent woven inflexible polypropylene plastic carpet that cannot be broken by growing plants and allows precipitation to penetrate but prevents soil moisture from evaporating. It can be degraded by UV light, but is guaranteed to last at least five years, and in many cases the plastic remains intact for 15 years. Viaweed U is a flexible polypropylene fabric that can be broken by a growing plant, but otherwise has similar characteristics to Mypex except that it is only guaranteed to resist UV light for 2-3 years. The experiment was established at the beginning of June 2012 and ended in October 2013. Three blocks were established, each containing six plots that were randomly assigned to different vegetation control treatments. All treatments were applied in 1 m wide strips, with 2 m spacing between treatments. The treatments consisted of: (1) mechanical vegetation control twice a year with a tiller (Honda F220, Honda Motor Co., Inc, Alpharetta, GA, US) disturbing the soil to a depth of 10 cm (designated Mech); (2) and (3) mulching with Mypex (designated Perm-plast) and Viaweed (designated Deg-carp), respectively, in both cases directly anchored on top of existing vegetation; (4) and (5) mulching as in treatments (2) and (3), respectively, but after soil preparation (sp) by plowing (preparing the upper 30 cm of the soil), followed by harrowing with a disc harrow (preparing the upper 15 cm of the soil) (designated Perm-plast sp and Deg-carp sp, respectively). In plots with treatment Mech, the soil was first treated with plowing and harrowing. In the final control treatment, no site preparation or mulching was applied (designated Untreat). Before planting, the un-rooted cuttings were soaked in water for 24 hours. In each of the six plots in each block, eight plants of each type were planted in groups in the middle of the 1 m strips with 2 × 2 m spacing between plants. The groups of different planting material were manually planted in each of the plots of 4 × 8 m at a transplanting depth of 20 cm to 25 cm.
Hybrid poplar (P. trichocarpa × P. maximowiczii) clone OP42 was selected for the study due to its commercial availability, good rooting capability, and performance. Two planting materials were used: bare-rooted plants (length 55 cm, root-collar diameter 8-10 mm) and un-rooted cuttings (length 30 cm, diameter 10-13 mm). The rooted cuttings were purchased from Svenska skogsplantor, Hallsberg, Sweden, and the dormant cutting material was harvested in winter and stored in a cold room at +4 °C until the time of planting. These materials are hereafter respectively referred to as rooted plants and un-rooted cuttings when discussing the plant types, and rooted seedlings and seedlings from un-rooted cuttings when discussing growth.
Height Measurements and Collection of Biomass
The height growth of eight trees in each plot was measured every second week from 6 June during the first year after planting and after the growth period of the second year. At the end of the first growth period (September), two plants per plot and planting type were harvested, then separated into leaf, stem, and root parts, which were dried at 70 °C for 48 hours (after washing the roots), then weighed.
Statistical Analysis
To test effects of the treatments on the measured variables, the general linear model (GLM) and mixed model procedures, as implemented in SAS software (SAS Institute Inc., Cary, NC, USA), were used. Vegetation control treatment was set as the main factor and block as a random factor. To evaluate growth per day during the first year after planting, a repeated measures design was used. Tukey's test, with significance set at the 5% level, was used to determine significant differences [23] . All tested variables were examined for distribution, residuals, and homoscedasticity using the UNIVARIATE procedure and transformed when necessary to obtain an even variable distribution. The response factor y was transformed as follows: log(1 + y) for root and stem biomass of rooted plants; rank y for cutting stem biomass allocation; y 2 for cutting leaf biomass allocation; 1/y for height growth of rooted plants at year one [24] . When none of these transformations produced a satisfactory variable distribution, the Wilcoxon rank method was used for analysis [25] . Results presented in figures are original data.
Results
Height Growth and Seedling Mortality
Mortality rates of the transplants were zero for all treatment and planting material combinations, i.e., all of the transplants survived for the whole two-year study period.
After both years, seedlings of both types had grown more in height under the mulching treatments with either the degradable plastic carpet (Deg-carp) or polypropylene plastic (Perm-plast), with or without prior soil preparation (Deg-carp sp and Perm-plast sp), than in control (Untreat) plots (Figure 1 ). The mechanical vegetation control treatment (Mech) also resulted in greater height growth in both years for rooted plants and in the second year for seedlings from un-rooted cuttings. The Deg-carp sp and Perm-plast sp treatments resulted in greater height growth of un-rooted cuttings than the Mech treatment during the first year, but there was no significant difference in this respect at the end of the second year ( Figure 1A,C) . Two years after planting, rooted seedlings were taller under the Deg-carp sp and Perm-plast sp treatments than under the Mech treatment ( Figure 1D ). For both planting types and in both years, Deg-carp and Perm-plast mulch, with or without soil preparation, increased height growth to a similar extent. Across treatments, seedlings from un-rooted cuttings grew significantly more in height than rooted plants (first year p = 0.001, second year p = 0.042), but no significant within-treatment differences in their height growth were detected. Soil preparation prior to mulching tended to increase height growth during the first year (Perm-plast p = 0.097, Deg-carp p = 0.085), but there was no indication of such an effect after the second year. 
Growth Rates in the Early Phase of Establishment
No height growth of seedlings from rooted plants or un-rooted cuttings was detected in untreated control plots after 2 August (Figure 2A ), but seedlings in other plots continued to grow ( Figure 2B-F) . In addition, seedling growth terminated earlier in Mech plots ( Figure 2B ) than in mulched plots ( Figure 2C-F) . Seedlings from un-rooted cuttings grew more rapidly than the rooted plants initially, especially in the Untreat, Mech, and Deg-carp plots (Figure 2A, B, D) . However, under the Perm-plast, Perm-plast sp, and Deg-carp sp treatments there were no significant differences in growth rate between the planting material types. Under the Untreat and Deg-carp treatments, seedlings from un-rooted cuttings grew more rapidly than rooted plants until the beginning of August (Figure 2A,D) , while seedlings grown in Mech plots only grew more rapidly initially ( Figure 2B ). 
Biomass Production
For seedlings from un-rooted cuttings, mulching had a positive effect on leaf biomass compared with the Mech and control treatments, under which their biomasses were similar ( Figure 3A) . Seedlings grown under the Deg-carp sp and Perm-plast treatments had higher stem biomasses than counterparts grown under the control and Mech treatments that showed similar values. Deg-carp and Perm-plast sp treatments increased seedling stem biomass more than the control treatment, and there were strong tendencies towards significant differences between the Deg-carp and Mech treatments (p = 0.069), and between the Perm-plast sp and Mech treatments (p = 0.055) ( Figure 3B ). Root biomass of the seedlings from un-rooted cuttings was similar under all treatments, apart from being higher in Deg-carp sp plots than in control, Mech, and Perm-plast sp plots ( Figure 3C ).
For rooted seedlings, leaf biomass was higher in Deg-carp sp, Perm-plast sp, and Perm-plast plots than in Untreat and Mech plots ( Figure 3D ). Seedlings grown in Perm-plast and Perm-plast sp plots had higher stem biomass than those grown in Untreat and Mech plots, while rooted seedlings grown in Deg-carp and Deg-carp sp plots had higher biomass than those grown in control plots ( Figure 3E ). Rooted seedlings grown under the Mech treatment also had higher stem biomass than those in control plots, and there was a strong tendency toward a difference in their stem biomass between the Deg-carp sp and Mech treatments, with p = 0.079. Seedlings grown in Perm-plast, Perm-plast sp, and Deg-carp sp plots had higher root biomass than those in Mech and control plots, and those grown in Deg-carp and Mech plots had higher root biomass than rooted seedlings in the Untreat plots. 
Biomass Allocation
No treatment effects on biomass allocation to stems and leaves were detected in either of the planting materials, except that leaves of rooted seedlings grown in Mech plots had lower proportions of leaf and stem biomass than those in control plots (Figure 4 ). Root biomass proportions were significantly higher in seedlings from un-rooted cuttings in Untreat plots than in those in Perm-plast and Dec-carp plots, while they were similar in those grown in Untreat, Mech, and Dech-carp sp plots. For rooted seedlings, root biomass proportions were higher in Perm-plast plots than in Deg-carp sp and control plots, and higher in Deg-carp, Mech, and Perm-plast plots than in Untreat plots. 
Discussion
We investigated the effects of several vegetation control treatments, with and without soil preparation, on the establishment of two types of poplar planting materials, un-rooted cuttings and rooted plants, on abandoned agricultural land. Two main findings are that the un-rooted cuttings grew more strongly in height than the rooted plants across treatments, and that there were minor differences in growth (in either planting material) between treatments with the two different mulching carpets. Use of both mulching carpets increased plant height and leaf and stem biomass to similar extents compared to the control treatment. Our results are consistent with previous findings that the poplar has low tolerance for competing vegetation [10, 26] . Generally, they also suggest that mulching is as effective as mechanical vegetation control (Figure 1A-D) . However, we found that prior soil preparation tended to significantly improve the height growth of plants in mulched plots (of both types) after the second year of growth (Perm-plast p = 0.097 and Deg-carp p = 0.085). Thus, these results are only partially consistent with a recent report that mulching increases plant growth more than manual vegetation control of similar intensity [18] . In contrast to height growth, plantbiomasses were different between the mechnical vegetation control and mulching treatments (Figure 3) . However, in other locations, competing vegetation could be more abundant and, therefore, differences between vegetation control treatments could be larger due to competition for below-ground resources such as water and nutrients.
Changes in the growth of poplars are often associated with changes in leaf development, as it is one of the key growth determinants [27] . Accordingly, leaf biomass of un-rooted seedlings was higher in mulched plots, with and without site preparation, than in other plots ( Figure 3A,D) . However, it did not differ between plants in Mech plots and untreated control plots. Thus, vegetation control by mulching may enable hybrid poplars to invest biomass in leaf production, and the observed increases in leaf development could be due to shifts in biomass allocation from root to leaves induced when nitrogen availability is increased as a result of vegetation control [28] . This should result in a reduction in the allocation of biomass to roots and an increased allocation to leaves when vegetation control is applied.
We found reductions in biomass allocation to roots of seedlings from un-rooted cuttings grown in Deg-carp, Perm-plast, and perm-plast sp plots ( Figure 4B ), but not among rooted plants ( Figure 4A ). This difference is probably due to the latter's large root biomass at the time of planting, which reduces the influence of newly formed roots and, thus, differences in root biomass between the treatments could not be found. Our study therefore partially supports previous findings that mulching has no effect on [29] or increases [28, [30] [31] [32] biomass allocation to roots. Mulching with polyethylene plastic (or other material) can create a soil environment that enhances plant growth by both increasing soil temperatures [11] and soil moisture contents [18, 33, 34] . Increases in soil temperature might enhance nutrient mineralization and, thus, nutrient availability [35] . This suggests that vegetation control by mulching or mechanical treatment promotes the growth of planted material not only through increasing the abundance of available nutrients, but also by increasing the water content, which facilitates nutrient uptake, since the delivery of nutrients by mass flow is hampered in dry soils [36] . This hypothesis is corroborated by results of a previous experiment in which mulching (using the same Perm-plast material as in this experiment) increased nitrogen content in poplar plants, and the increases were correlated with the mulched area [18] . The observed growth differences between plants grown in mechanical and mulching plots could be a consequence of different processes that together influence plant growth. There are two major mechanisms for plant competition: resource competition and interference [37] . In our study, interference could have played a role for transplanted cuttings in untreated plots while bare-rooted plants were most likely not affected due to their high initial height at planting. It is therefore more likely that competition for resources was important in this study and that the mechanical and mulching treatments might have influenced below-ground resources differently. In general, soil resources reach the root by three different processes: mass flow of water and nutrients, diffusion, and interception [38] that plays a minor role [36] . The supply of the three major nutrients (N, P, and K) is commonly dependent on diffusion and mass flow working together [39] , but it is difficult if not impossible to distinguish between them [38] . Neighboring roots could reduce nutrient uptake when depletion zones overlap [40] and, therefore, even a small amount of competing vegetation could result in large growth differences. If mulching with Deg-carp and Perm-plast increases both soil moisture and nutrient availability, this could result in dramatic growth differences between untreated plots and mulched plots. However, we could identify a dramatic growth difference between untreated plots and mulched plots (Figures 1 and 3 ) and also increased growth between mechanical and mulch-treated plots. Interestingly, in another experiment at the same site, the same Deg-carp treatment increased soil moisture more than manual vegetation control while temperatures were unaffected [18] .
In the present study, we detected no mortality of the planted material under any treatment, probably due to the low amount of competing vegetation that established during the two years of monitored growth. However, with other poplar genotypes, and/or at other sites with higher competition from vegetation, different vegetation control methods or materials could have differing effects on plant growth and mortality [11] , and differences in the planted material (un-rooted cuttings and rooted plants) could also presumably influence growth parameters. Under low soil moisture conditions, mulching can be a valuable vegetation control option because it increases plant survival rates [41, 42] and, under such conditions, bare-rooted seedlings might perform better than cuttings. However, the soil at the experimental site is a well-drained, quite dry, sandy loam, and growth of the seedlings from both plant materials under mulching treatments was similar. We could infer that the higher growth rate of un-rooted cuttings presumably originates from faster growth at the beginning of the vegetation period (Figure 2 ). In accordance with previous findings [18] , seedlings of both planting materials terminated growth earlier in plots with no vegetation control than in plots with vegetation control (Figure 2) .
Poplars can initiate adventitious roots from their stems, so cuttings can be planted to establish plantations [12] [13] [14] . The initially high growth of un-rooted cuttings is surprising, since they need to develop new roots to access soil water and nutrients, while bare-rooted plants already have a root system at planting and thus should be able to take up soil water and nutrients more rapidly. However, newly planted bare-rooted plants could have poor root-soil contacts and/or root confinement [43] . If bare-rooted plants are able to regenerate new roots, water stress is reduced, allowing seedlings to resume normal growth [43] . Thus, the development of new roots is presumably needed to create contact with the soil to facilitate water and nutrient uptake. If the soil conditions are appropriate, poplar roots grow rapidly and they can develop root systems more than 1 m deep during the first year [44] , and the buried portion of the stem can produce new roots while the nursery roots that remain after lifting also may regenerate [10] . However, in our experiment both un-rooted cuttings and bare-rooted plants may solely use newly developed roots during their establishment. As the bare-rooted plants have large above-ground parts to support, this might explain the initial growth differences between rooted and un-rooted transplants.
There are several advantages to using un-rooted cuttings instead of rooted plants: Notably, they are less expensive planting material, easier to store until planting, and the procedure for planting them is simpler and easy to mechanize. However, there are soil factors (rocks and compaction) that could complicate the planting of both plant types. Differences in plant morphology between cuttings and bare-rooted plants might influence the planting process (cuttings have no roots and bare-rooted plants have large roots). In the case of rocks in the soil, creating a hole only for the cutting could easily be performed. For bare-rooted plants it could be more challenging to find a planting site where the transplant could be planted to the right depth due to the large root. This would also be the case if cuttings or bare-rooted plants would be planted in compact soils.
However, a shoot growing from an un-rooted cutting is more sensitive to damage by rodents and other browsers, as they have smaller stem diameters than rooted plants (which generally have ca. 10 mm diameters at the time of planting). On the other hand, rooted seedlings of the kind used here, about 50 cm tall at the time of planting, have a large above-ground biomass that requires significant amounts of water.
There are several advantages and several disadvantages of using mulching instead of mechanical vegetation control. Notably, despite continual observation, plots subjected to mechanical vegetation control are not always 100% free from vegetation, while the mulched areas always were in this experiment. This could further increase growth differences between mulched and mechanically controlled plants. Thus, the use of permanent or degradable mulching material during the first years of poplar establishment could be extremely valuable, as competing vegetation is always controlled, with no need to monitor the growth of competing vegetation. However, at some point the Deg-carp will cease to provide vegetation control while the Perm-plast will continue to control vegetation. This will probably occur after the critical vegetation control period is over [10] and will probably not negatively influence growth if Deg-carp would be used instead of Perm-plast. In poplar plantations established over large areas it could be difficult to maintain optimal growth conditions. In such cases, mulching could be a particularly useful vegetation control method. However, if permanent polypropylene plastic is used for mulching, it must be removed at some point or seedling growth will be restricted. Our results suggest that a degradable carpet is as effective as permanent mulch for providing good establishment conditions, and this mulching material does not have to be removed. It should be noted that it is important to anchor the mulching carpet properly, otherwise wind may damage both the mulch carpet and growing seedlings. There may also be risks of increased plant damage by rodents under the mulch carpets.
Conclusions
Our results demonstrate that vegetation control during the first two years after planting strongly promotes the establishment and growth of hybrid poplars. Compared to plants grown with no vegetation control, mechanical vegetation control increased growth by 100% and mulching by 200%. Both mulching materials tested increased growth to a similar extent, while preparing the soil before mulching only had marginal effects. In Sweden today, poplar plantations are established by planting rooted seedlings. Our results indicate that establishing poplar plantations with un-rooted cuttings is equally effective. This finding could change current practices for establishing poplar plantations, as using un-rooted cuttings as transplants is less time-consuming and less expensive, thus it could be financially beneficial. However, a clear understanding of the actual economic benefits of mulching will require a long-term assessment of growth trends at sites with different characteristics.
